We have utilized Serial Analysis of Gene Expression (SAGE) to analyze the response of human coronary artery endothelial cells (HCAECs) to laminar shear stress (LSS). Primary cultures of HCAECs were exposed to 15 dynes/cm2 LSS for 24 hours in a parallel plate flow chamber and compared to identical same passage cells cultured under static conditions. A total of 61,582 tags, representing 17,415 unique tags were sequenced and genes whose expression levels were modulated by LSS identified. A number of genes involved in the angiogenic process (ANGPTL4, CTGF, CYR61, ENG, EPAS1, EGFR, LGALS3, PGK1 and SPARC) were downmodulated by exposure to 24h LSS. Genes encoding cell cycle factors were also either downmodulated (CDC10, CDC20, CDC23, CCND1, CCNB1) or up-modulated (p21 [waf1]) by LSS.
Introduction
Applied hemodynamic shear stress is known to have a profound impact on endothelial cell physiology both in vivo and in vitro. The atheroprotective effects of laminar shear stress have been well described, whilst turbulent flow patterns have been associated with an atherogenic endothelial cell state (12) . The mechanisms of these effects are less well understood.
Until recently, studies of the vascular endothelial cell (EC) response to applied shear stress have focused on single genes or small numbers of related genes have been analyzed in isolation.
However, the completion of the human genome project has inspired the development of a number of technologies, such as DNA microarrays and Serial Analysis of Gene Expression (SAGE) that allow massively parallel analysis of the transcriptional content of any given tissue or cell sample. cDNA microarrays have recently been exploited to provide the first comprehensive analyses of the transcriptional response of vascular endothelial cells to applied shear stress in vitro (30, 6, 25) . One drawback of cDNA microarrays is that only genes present on the array can be assayed for their transcriptional response to a given stimulus. Furthermore, determination of gene expression levels relies on indirect measurement via hybridization of fluorescently-or isotopically-labeled cDNA, which is subject to uncertainties due to crosshybridization, chip variations, label sensitivities, and other interactions. Microarray technology also demands that signal intensities be normalized to some control for quantification either by the use of an invariant standard RNA sample or by normalization of signal intensity to global background. In contrast, SAGE is entirely unbiased in that it does not demand prior knowledge of genes of interest and so does not exclude important genes from the analysis. Furthermore, SAGE allows direct measurement of gene expression levels by gene counting, requires only cursory normalization between libraries undergoing comparison and, therefore, provides "immortal" data that can be readily compared to SAGE data generated at different time and in different labs.
We have, therefore, used SAGE to characterize the transcriptome of primary human coronary artery endothelial cells cultured for 24 hours under static conditions or 15 dynes/cm2 laminar shear stress (LSS). Using this approach we have identified a comprehensive coordinated modulation, following exposure to shear stress, in the expressions of genes that encode a variety of functional proteins.
Methods

Cell culture and exposure to LSS
Primary cultures of human coronary artery endothelial cells were purchased from BioWhittaker.
Cells were obtained at passage 3 and cultured in EGM2MV medium (BioWhittaker). Cells at passage 5 were seeded at a density of approximately 5 x 10 4 cells/cm 2 on glass microscope slides and cultured at 37°C in humidified 5% CO 2 95% air. Confluent monolayers of cells were then placed in a parallel plate flow chamber (10) under aseptic conditions and perfused in EGM2MV
at 37°C in humidified 5% CO 2 95% air for 24 hour. Control cells not exposed to LSS were also cultured in EGM2MV for an identical length of time as LSS treated cells.
RNA isolation
Cells were harvested directly into Trizol reagent (Life Technologies) and total RNA extracted according to the manufacturer's instructions. RNA integrity was assessed by agarose gel electrophoresis and its concentration and purity determined by UV spectrophotometry. RNA pooled at a ratio of 1:1:1 from three identical experiments was used for both SAGE and TaqMan RTPCR.
Serial Analysis of Gene Expression
15µg total RNA was used as a substrate for SAGE, which was carried out as previously described (39, 35). Briefly, after mRNA purification via a biotinylated oligo-dT and streptavidin-conjugated paramagnetic beads (Dynal), double stranded cDNA was synthesized using the Superscript system (Invitrogen) and then digested with NlaIII. Following ligation of a double stranded linker, digestion with BsmF1, ditag ligation and purification via PCR, concatomer ligation and plasmid transformation, SAGE tags were sequenced using a ABI3700 automated DNA sequencer. Primary sequence data were analyzed using the SAGE 2000 software package, which was kindly provided by Ken Kinzler of the Johns Hopkins University, and raw tag counts subject to normalization and statistical analysis as described below.
Confirmation of SAGE Results
Reverse transcription (RT) was carried in 100µl volumes consisting of 1X PCR buffer II (Perkin- µM random hexamers (Life Technologies) and 75ng-300ng total RNA. Reactions were incubated at 25°C for 10 minutes, 48°C for 30 minutes, and 95°C for 5 minutes in a PerkinElmer GeneAmp PCR System 9700. "No RT " controls were carried out in all cases using the same RT reaction mix but substituting DEPC-H 2 O for M-MLV reverse transcriptase. In all experiments, 3 RT's were carried out for each RNA sample. Relative expression of mRNA species was calculated using the comparative C T method described previously (8) . The endogenous reference genes used were β-Gus and 18S rRNA. Dot blot analyses were performed as previously described (29). Immunohistochemical analysis of hemeoxygenase 1 and endoglin expression were carried out as follows. Endothelial cells were washed briefly in PBS and fixed in a 1:1 (vol/vol) methanol/acetone mix for 3 minutes. Hemeoxygenase protein was visualized using a monoclonal anti-hemeoxygenase antibody supplied by Sigma, St Loius Missouri (A7811) and SPARC protein visualized using a monoclonal anti-SPARC antibody supplied by Santa Cruz Biotechnology, Santa Cruz, California (sc-7559).
Distribution of the counting of a tag
The analysis of SAGE data assumes that the distribution of tag counts follows a binomial distribution. Given a SAGE library of size n, the count of a type of tag t has a binomial distribution with parameters (n,p), where p is the relative frequency of tag t, or ideally, the gene represented by tag t in the original tissue/cell population (7).
Test for differentially expressed genes Suppose we have s SAGE libraries. Let n i be the size of the ith library, and X i the counting of tag t in the ith library. Pearson's χ 2 statistic is defined as: included in cases where they match genes of potential biological significance.
Results and Discussion
We sequenced a total of 61,582 tags, consisting of 33,676 and 27,906 derived from cells exposed to 0h and 24h LSS respectively. We identified 10,826 distinct tags from the cells exposed to 0h
LSS and 10,084 distinct tags from the cells exposed to 24h. In total 17,413 unique tags were identified across both libraries. As a starting point for our analyses we tested those 2337 tags with a total count of at least 4 over the two libraries for differential expression without FDR control. This identified a total of 220 different tag species that were significantly elevated by LSS and 228 that were reduced. All these tags have a chi2 score of at least 3.85. To increase the stringency of our analyses we next considered tags with a total count of at least 7 over the two libraries and controlled FDR at 5%. This approach identified 90 tags that were significantly elevated and 55 tags that were significantly reduced by LSS. All these tags have a chi2 score of at least 7.65. Differentially expressed tags identified by this latter approach that correspond to known genes are shown in Table 1 . To avoid the possibility of excluding important data from follow-up experiments we also included a number of differentially expressed tags that have a chi2 score of at least 3.85 and whose functions are of specific biological interest. Entire data sets, including gene lists generated with and without FDR control at 5% are available at (http://www.phil.cmu.edu/projects/genegroup/index.html).
Confirmation of SAGE Data
Differential expression of a number of LSS-responsive genes, including HMOX1, SPARC, PKD1 and PKD2, was confirmed by TaqMan RTPCR or hybridization based approaches ( Figure   1 ). We also confirmed the LSS-responsive differential expression of HMOX and ENG at the protein level by immunostaining ( Figure 2 ).
Cell Proliferation and Angiogenic Factors are Modulated by LSS
A variety of genes whose products are involved in cell proliferation were down-modulated by LSS. These include CDC10, CDC20, CDC42 effector protein 2 (CDC42EP2), calpain small subunit 1 (CAPNS1), cyclin B1 (CCNB1), cyclin D1 (CCND1), enhancer of rudimentary homolog (ERH) and nucleophosmin (NPM1). CDC20 is required for nuclear movement prior to anaphase and chromosome separation (9), CCNB1 complexes with p34(cdc2) to form the mitosis-promoting factor (MPF) (31) and CCND1 functions as a regulatory subunit of CDK4 or CDK6, whose activity are required for cell cycle G1/S transition. CAPNS1 inhibition has been shown to decrease the growth rate of mammalian cells (44), ERH is a putative cell cycle gene that has been implicated in pyrimidine biosynthesis (43) and NPM1 is a target of CDK2/cyclin E in the initiation of centrosome duplication (28). 
LSS Modulationof PKD1 and 2 Gene Expression
LSS exposure resulted in an increased expression of PKD1 as determined by SAGE (Table 1A) and RTPCR ( Figure 1C ) and PKD2 mRNA as determined by RTPCR ( Figure 1C ). This is 
Expression of Genes Encoding Cytoskeletal Factors is Modified by LSS
Consistent with changes in cell proliferation and the well-documented morphological changes undergone by EC following exposure to LSS we also found modulation in the expressions of a variety of genes encoding cytoskeletal factors. The modulations of these factors are likely to reflect the well-documented alterations in the EC cytoskeleton following exposure to shear stress (15) and possibly the previously identified LSS-induced reduction in cell proliferation (22) . 
Vasoreactivity and Thrombosis
LSS caused an up-modulation of a number of genes encoding factors involved in vasoreactivity and thrombosis. For example, aminopeptidase (ENPEP) up-modulation suggests a possible shear stress effect on the angiotensin signaling system since this enzyme is known to be involved in angiotensin degradation (26). The vasodilatory effect of LSS is also supported by the dramatic up-modulation of the acetylcholine receptor under LSS, a phenomenon that has been previously described ex vivo (11) . There is also evidence to suggest that carbon monoxide (CO) acts as a powerful vasodilator (17) and this may, in part, explain the rapid induction of hemeoxygenase 1 (HOX1) (the activity of which results in the production of CO) following exposure to LSS.
The up-modulation of genes encoding vasodilatory proteins is mirrored by a down-modulation of the vasoconstrictor, endothelin-1 (EDN1). Similarly, dimethylarginine dimethylaminohydrolase 1 (DDAH1), which may be involved in regulating nitric oxide (NO) generation in ECs (1), is also downmodulated by LSS. Intererstingly, dimethylarginine dimethylaminohydrolase 1 (DDAH1), which inhibits nitric oxide synthase via the regulation of cellular methylarginine concentrations is down-modulated by LSS. We also found that, plasminogen activator inhibitor-1 (PAI1) and coagulation factor II receptor-like 2 (PAR3) are down-and up-modulated respectively by LSS suggesting a pro-thrombotic response. 
LSS Modulation of Genes Involved in Signal Transduction and the Acute Cellular Response to
